We study the electronic structure of carbon nanotubes theoretically by first-principles techniques. Geometry is optimized with the local-density approximation ͑LDA͒ in density functional theory, and many-body effects between electrons are taken into account within the GW approximation. We find that the ͑5,0͒ tube is metallic even at the GW level, being different from the tight-binding result. The ͑6,0͒ tube is also confirmed to be metallic. The GW correction to LDA is found to be small in metallic tubes. The ͑7,0͒ tube is semiconducting, in which the GW correction considerably increases the gap. On the other hand, the GW correction is small in graphene, suggesting that the density functional theory gives a reasonable description of large nanotubes.
In this work, we study the electronic structure of carbon nanotubes using the GW approximation ͑GWA͒.
11 GWA takes account of dynamical screening effect of electrons within the random-phase approximation and has been applied to a wide range of semiconductors, 12, 13 and turned out to improve the band gap significantly to LDA. 14, 15 Here ͑5,0͒, ͑6,0͒, and, ͑7,0͒ tubes with fully relaxed geometries are studied. It is found that neither the 1/3 rule nor the 1/d rule holds in these small tubes. We also study graphene in order to obtain insight into large-diameter nanotubes. We see that the many-body correction plays a minor role in them.
We begin with density functional calculation. The exchange-correlation energy is approximated by the LDA in the Perdew-Zunger formula. 16, 17 Influence of core electrons are included in the Troullier-Martins type pseudopotential 18 in the Kleinman-Bylander form, 19 and valence electrons are expanded by the plane-waves up to 50 Ry. We adopt the supercell method. Nanotubes form the two-dimensional triangular lattice. The wall-to-wall distance between adjacent tubes is set to 7 Å, which is large enough to neglect intertube interaction. Brillouine zone integration in the tube direction is replaced by summation over 8k points. Some results using the same scheme have been reported before, and the importance of geometry relaxation in the electronicstructure study has been revealed. 20 In the GW calculation, Green's function is constructed from the one-body wave functions and eigenvalues obtained by LDA 16, 21 with full-potential linear-muffin-tin-orbital ͑FPLMTO͒ scheme. Valence orbitals are expanded by 20 muffin-tin-orbitals per carbon atom, and 8k points are sampled in the tube direction. We use mixed basis for Green's function approach, products of two atomic orbitals 22 in the muffin-tin region, and plane waves up to 7.29 Ry in the interstitial region. Test calculation for diamond with the same basis set and 8 3 k-point mesh gives the band gap of 5.4 eV, which is to be compared with the LDA value 4.1 eV, previous GW values 5.6 eV Ref. 12 and 5.33 eV Ref. 13 , and experimental value, 5.48 eV. Further numerical techniques are found elsewhere. 23 The fundamental gap of zigzag nanotubes is plotted in Fig. 1 against the tube diameter. In this calculation, atomic coordinates are fixed at the positions which are generated by rolling up a graphene sheet with the CuC bond length of 1.42 Å. The LDA results ͑circles͒ follow the 1/d rule when tube is equal to or larger than the ͑10,0͒ tube. They can be fitted to the 1/d rule with ␥ 0 ϭ2.5 eV ͑solid line͒. 24 The crosses are obtained by the tight-binding method including orbitals only (-only TB͒ with the same ␥ 0 , and the squares are from the tight-binding model by Hamada et al. 2 which takes account of both and orbitals (-TB). Both TB methods give gap values close to LDA in large-diameter region, because the TB parameters were determined so as to reproduce the LDA results. Gap value itself was fitted in the -only TB, and the band structures of graphene and C 60 were fitted in the -TB. The -only TB data follow the 1/d rule in the whole region, while the -TB gap deviates downward at dϽ0.5 nm. The LDA results also turn to decrease even at larger diameter of dϳ0.8 nm. These show that orbitals alone are not sufficient to describe the electronic structure of small nanotubes.
The ͑7,0͒ tube has a diameter of 0.55 nm, which is smaller than the LDA crossover diameter. The LDA gap is 0.5 eV and is less than half the -only TB value, 1.2 eV. In order to see how the gap is reduced, the electronic band structure is shown in Fig. 2 . Comparing the -only TB band structure in ͑a͒ with the LDA result plotted by dashed line in ͑b͒, it turns out that the small LDA gap is due to descent of a state marked by ''*'' rather than all conduction bands being shifted down. In the -only TB, the ''* state'' is located at 2.6 eV above the top of the valence band and is not even the lowest conduction-band state. We also performed the -TB calculation ͑figure not shown͒, and found that the * state is pulled down to the lowest conduction-band state. This clearly indicates the importance of hybridization between and orbitals.
One factor to be considered is the lattice relaxation effect, which could be considerable in small tubes. In order to look into this effect, we optimized geometry within LDA of DFT. The optimized geometry is compressed in the tube direction by 1% and the diameter is increased by 1%. The electronic structure for the relaxed geometry is shown by solid lines in Another issue is the many-body correction to LDA. The GW band structure ͑with the above relaxed geometry͒ is plotted by circles in Fig. 2͑c͒ , where the LDA results are also shown by solid lines for comparison. We can see that the gap increases from 0.2 eV ͑LDA͒ to 0.6 eV (GW). Thus, as far as the fundamental gap is concerned, the many-body correction cancels the lattice relaxation effect. Consequently, the GW gap for the relaxed geometry is accidentally close to the LDA gap for the fixed geometry before relaxation.
When we look at the whole band structure, the electronic bands by the -only TB method form symmetric structure in energy with respect to the Fermi level. It has been shown theoretically that photoabsorption spectra have peaks at the transition energy between the top of a valence-band state to the bottom of the corresponding conduction-band state, 25 as indicated by arrows in the figure for the lowest two transitions. The LDA bands have a similar structure. However, the fundamental gap does not correspond to this transition. The first active transition is that from the valence-band top to the second lowest conduction-band state, which is 1.1 eV in energy. The second transition is 2.8 eV. Conduction-band dispersion corresponding to this transition is smaller than that in the -only TB. This indicates large density of states, which may lead to sharp peak in photoabsorption spectra. The first ͑second͒ transition energy changes to 0.8 eV ͑3.1 eV͒ after lattice relaxation, and further to 1.2 eV ͑3.6 eV͒ by inclusion of many-body correction. Hence, as is observed in the fundamental gap, the many-body correction cancels the lattice relaxation effect in the first transition energy, whereas both effects increase the second transition energy. We note that the GW value for the first transition energy 1.2 eV is close to the value expected from the 1/d rule ͑see Fig. 1͒ . ͑Although 
these arguments give an insight into the optical spectra, the exciton effect as well as the oscillator strength should be considered to discuss this issue in full detail.
26,27
͒ The many-body correction pushes up most conduction bands. However, there is a state which approaches the Fermi level. It is the state marked by ''NFE'' in Fig. 2͑c͒ . Its dispersion is parabolic with the minimum at ⌫ point. The minimum is at 3.9 eV above the valence band top in LDA ͑for the relaxed geometry͒ and is reduced to 3.5 eV in GW ͑for the relaxed geometry͒. The state is distributed away from the carbon sites and is delocalized in the tube direction, thereby called nearly-free-electron ͑NFE͒ state. 28 As the tube becomes thinner, the * state comes lower. A previous LDA work reported it would cross the Fermi level in the ͑6,0͒ ͓Ref. 29͔ and ͑5,0͒ ͓Refs. 30,31͔ nanotubes. We checked instability of this metallicity against geometry relaxation in the ͑6,0͒ tube, and found that geometry optimization is of minor importance ͓Fig. 3͑b͔͒. We then performed the GW calculation in order to see if the band overlap is an artifact of LDA. In Fig. 3͑c͒ , the GW band structure ͑circles͒ is compared with the LDA results ͑solid line͒. We see that the * state does not change the energy level so much by the many-body correction and it remains to cross the Fermi level. The state has a maximum overlap of 0.8 eV at ⌫ point in both LDA and GW. As a result, the first transition expected from the -only TB is forbidden since the bottom of the * state is occupied.
The band overlap is also observed in the ͑5,0͒ nanotube. In Fig. 4 , we see that the * state crosses the Fermi level in both LDA and GW. Hence, the ͑5,0͒ nanotube becomes metallic breaking the 1/3 rule. The band overlap is 1.2 eV ͑LDA with the fixed geometry͒, 1.1 eV ͑LDA with the relaxed geometry͒, and 1.0 eV (GW with the relaxed geometry͒, respectively. The first transition energy in photoabsorption is 1.6 eV ͑LDA with the fixed geometry͒, 2.2 eV ͑LDA with the relaxed geometry͒, and 2.3 eV (GW with the relaxed geometry͒, respectively. On the other hand, as is the first transition in the ͑6,0͒ tube, the second transition expected from the -only TB is inactive.
Comparing the results for above three different tubes, the many-body correction in the ͑5,0͒ and ͑6,0͒ tubes is smaller than that in the ͑7,0͒ tube. This difference may be ascribed to the difference between metal and semiconductor. An exception is the NFE state. It is pulled down by 0.6 eV in the ͑5,0͒ tube and 0.7 eV in the ͑6,0͒ tube. These values are larger than the shift in the ͑7,0͒ tube, 0.4 eV.
Another dependence on chiral indices is seen in spatial distribution of orbitals. In Fig. 5 , distribution of the * state of the ͑7,0͒ tube at ⌫ point is plotted. The distribution is asymmetric with respect to the tube wall and the maximum density is found outside the tube. The asymmetry is a consequence of hybridization between the and orbitals, which is significant in thin tubes. Thus, it is found also in the thinner ͑5,0͒ tube, as shown in Fig. 6 . The difference between the two tubes is observed in density inside of the tube. Although the inner space is low-density region in both tubes, the density does not decay even at the center in the ͑5,0͒ tube. This would be partly because of hybridization with the NFE state. It has the maximum density at 2.2 Å away from the carbon wall, 28, 32, 33 which is around the center of the tube in the ͑5,0͒ tube. The importance of the NFE state is supported by the -TB method, which takes account of -hybridization but does not include the NFE state in the basis. 2 The descent of the * state is smaller in the -TB result than that in the LDA result. As a consequence, the * state does not cross the Fermi level in the ͑5,0͒ tube, and the tube is semiconductor in the TB calculation ͑Fig. 1͒.
Finally, we discuss large tubes. It is computationally too heavy to do GW calculations of large nanotubes. On the other hand, since downward shift of the * state is to take place only in small nanotubes, 20 we can expect that the electronic structure of large nanotubes is similar to that obtained by simply folding the electronic structure of graphene with appropriate boundary condition in the circumference direction, as is assumed in the -only tight binding method and k•p theory. In fact, the LDA fundamental gap shows a simi- lar behavior with the -only TB gap and follows 1/d rule at dϾ0.8 nm ͑Fig. 1͒. We then study graphene as an alternative to large nanotubes. In Fig. 7 , the electronic structure of graphene by the GW method ͑circles͒ is plotted together with the LDA results ͑solid line͒. Most states are pushed away from the Fermi level by the GW correction, consequently the band is widened, while the NFE is again pulled down. An issue is the Fermi velocity v F , since it determines the energy scale of low-lying electronic properties and is proportional to ␥ 0 in the -only TB method. Estimating the Fermi velocity from the band dispersion along the K-⌫ line, we find v F GW /v F LDA to be 1.16 for the occupied band and 1.09 for the unoccupied * band. This suggests that band dispersion of large nanotubes, including the band gap, is underestimated by about 13% in LDA. This, in turn, means that the LDA electronic structure is expected to be reasonable in large nanotubes, given that the LDA usually underestimates the band gap of semiconductors significantly.
In summary, we have studied the electronic structure of the (n,0) tubes, (nϭ5,6,7), and graphene by combining density-functional calculation and the GW method. We found that a certain state comes downward as the diameter decreases. Since it is pulled down to the bottom of the conduction band, the gap breaks the 1/d rule and turns to decrease at dϳ0.8 nm. Consequently, the gap of the ͑7,0͒ tube is only 0.6 eV. The many-body correction is considerable in this system, though it is canceled by also a sizable lattice relaxation effect found in the fundamental-gap region. The lowered state crosses the Fermi level in the ͑5,0͒ and ͑6,0͒ tubes, so that both the tubes are metallic. Neither many-body correction nor lattice relaxation effect changes the electronic structure significantly in both tubes. On the other hand, the many-body correction is also only of minor importance in graphene. It suggests that the density-functional method gives a reasonable electronic structure of large nanotubes.
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